We analyzed the frequency of chromosomal aberrations in peripheral lymphocytes from underground miners from the Casapalca (n = 8, mean age = 45 y, range = 36 y to 55 y) and Bellavista (n = 8, mean age = 28 y, range 23 y to 34 y) high-altitude mining camps in the Peruvian Andes. This population was occupationally exposed to heavy metals such as lead and zinc as well as diesel emission particles, organic solvents and mine dust. The control groups consisted of individuals from a high altitude farming community in the Peruvian village of Tinco (n = 8, mean age = 37 y, range = 25 y to 52 y) and the sea level city of Lima (n = 14, mean age = 26 y, range = 20 y to 35 y). All individuals were male native Peruvians. A significantly higher incidence (1.88%, p < 0.05) of chromosomal aberrations (chromatid deletions and breaks, chromosome breaks and acentric fragments) were detected in lymphocytes from miners at the Casapalca camp as compared to miners from the Bellavista camp (0.5%, chromatid deletions and acentric fragments only) and the Lima sea level (0.07%, chromatid deletions only) and Tinco high altitude (no aberrations) controls. These results suggest that male native Peruvians occupationally exposed to underground mining activity have an increased frequency of chromosomal aberrations, which could be related to both age and exposure time. The increased chromosomal damage observed in the mining populations studied may be attributable to the complex mixture of genotoxic agents to which the miners may have been exposed. Chromosomal aberrations in human peripheral lymphocytes are well-established biomarkers of exposure to occupational or environmental genotoxic agents, cytogenetic analyses of lymphocytes from populations occupationally exposed to such agents having shown increased chromosomal aberration frequencies (Deknudt et al., 1973; Bauchinger et al., 1976; Lazutka et al., 1999; Topaktas et al., 2002) . Underground miners are particularly exposed to complex mixtures of chemicals (e.g., heavy metals, diesel emission particles and dust), many of which are known mutagens (Johnson, 1998; Keshava and Ong, 1999; Rojas et al., 1999; Scheepers et al., 2002; Wolf et al., 2004; Donbak et al., 2005) . Peruvian miners normally work at high altitude without any appropriate protective equipment, with chronic mountain sickness (excessive erythrocytosis caused by long term exposure to high altitude), silicosis and tuberculoses having frequently been reported in such workers (Paitán, 1965; León-Velarde and Arregui, 1992) .
Chromosomal aberrations in human peripheral lymphocytes are well-established biomarkers of exposure to occupational or environmental genotoxic agents, cytogenetic analyses of lymphocytes from populations occupationally exposed to such agents having shown increased chromosomal aberration frequencies (Deknudt et al., 1973; Bauchinger et al., 1976; Lazutka et al., 1999; Topaktas et al., 2002) . Underground miners are particularly exposed to complex mixtures of chemicals (e.g., heavy metals, diesel emission particles and dust), many of which are known mutagens (Johnson, 1998; Keshava and Ong, 1999; Rojas et al., 1999; Scheepers et al., 2002; Wolf et al., 2004; Donbak et al., 2005) . Peruvian miners normally work at high altitude without any appropriate protective equipment, with chronic mountain sickness (excessive erythrocytosis caused by long term exposure to high altitude), silicosis and tuberculoses having frequently been reported in such workers (Paitán, 1965; León-Velarde and Arregui, 1992) .
Despite the fact that there are large numbers of underground miners in Peru there have been no published studies regarding the occupational exposure of these workers to genotoxic agents, one reason being the very difficult access to blood samples from these workers who are mainly native Andeans known for their aversion to blood extraction procedures.
We report the results of the cytogenetic analysis of chromosomal aberrations in peripheral blood lymphocytes from a group of native Peruvian miners working at high altitude in the Peruvian Andes as compared to native Peruvian farmers from high altitude and sea level individuals.
Four groups of native Peruvian males were studied: underground miners (n = 8, mean age = 45 y, range = 36 y to 55 y; average exposure time = 234 months) at the Casapalca mining camp (11°30' S, 76°10' W, 4100 m altitude); underground miners (n = 8, mean age = 28 y, range 23 y to 34 y; average exposure time = 31.5 months) at the Bellavista mining camp (11°41' S, 76°15' W, 3800 m altitude); high altitude farmers (n = 8, mean age = 37 y , range = 25 y to Genetics and Molecular Biology, 30, 4, 1135 -1138 (2007 Copyright by the Brazilian Society of Genetics. Printed in Brazil www.sbg.org.br 52 y) from the high altitude village of Tinco (9°33' S, 77°40' W, 3550 m altitude, Huaraz Province, Ancash Department); and urban individuals (n = 14, mean age = 26 y, range = 20 y to 35 y) from the sea level city of Lima. The time of exposure to mining activity varied significantly between both groups, principally because the mining company prefers to place young workers in the Bellavista camp. Casapalca and Bellavista mining camps are both located in Huarochiri Province in the Department of Lima and are separated by less than 20 km; miners from both camps work at the same location. In order of importance, the major minerals extracted from this mine are lead, silver, zinc and copper ores. Although personal protective equipment such as overalls and safety boots, helmets and masks are normally used they are often old and/or in bad condition.
All participants gave informed consent and blood samples were collected and further manipulated in accordance with the recommendations of the Ethics Committee of the Universidad Peruana Cayetano Heredia. When the blood samples were collected each individual also completed a personal history questionnaire on standard demographic questions such as age and place of birth as well as lifestyle and health status factors including employment history, prior occupational exposure to other chemicals and/or radiation, time of exposure to mining activities, drug and tobacco usage and eating habits. According to the questionnaires all the participants were healthy and had not been regularly using prescription medicines nor been exposed to radiation and/or chemicals outside their work environment during the month prior to sampling. Occupational exposure to radiation and/or radiation dose could not be determined because we did not have access to the mine. Only two subjects from Casapalca, two from Bellavista, three from the Tinco high altitude control and four from the Lima sea level control were occasional smokers (less than six cigarettes each week).
Blood samples were collected by venipuncture in sterile heparinized and coded tubes. Lymphocytes were cultured for 72 h at 37°C (Moorhead et al., 1960) . Wholeblood cultures were prepared within 24 h of collection using RPMI-1640 culture medium (BioWhittaker) enriched with 4% (v/v) fetal bovine serum (Sigma), 2% (w/v) L-glutamine (Gibco BRL) and 2% (w/v) phytohemagglutinin-M (Gibco BRL), 16 μg mL -1 colchicine (Sigma) being added 45 to 50 min before harvesting. The cells were collected by centrifugation, resuspended briefly in pre-warmed hypotonic 0.075 M KCl and fixed twice in acetic acid/methanol (1:3, v/v). The preparations were air-dried at room temperature and stained with 2.5% (w/v) Giemsa in methanol.
The evaluation of chromosomal aberrations was performed following the IPCS guidelines for the monitoring of genotoxic effects of carcinogens in humans (Albertini et al., 2000) . All slides were coded, mixed and analyzed blind, with 100 well-spread metaphases being screened for each subject. Achromatic lesions (gaps) were not elevated as true chromosomal aberrations (Mace et al., 1978; Savage, 2004) . Chromosomal aberration frequency differences between groups were analyzed using a small sample test of significance for a Poisson distribution (Rao and Chakravarti, 1956 ) and the Pearson coefficient of correlation to analyze the association between chromosomal aberration frequency and both exposure time and age.
Data on the number and frequency of chromosomal aberrations for each study group are presented in Table 1 . A significantly higher incidence (1.88%, p < 0.05) of chromosomal aberrations (chromatid deletions and breaks, chromosome breaks and acentric fragments) were detected in lymphocytes from miners at the Casapalca camp as compared to miners from the Bellavista camp (0.5%, chromatid deletions and acentric fragments only) and the Lima sea level (0.07%, chromatid deletions only) and Tinco high altitude (no aberrations) controls. The most frequent aberrations encountered in the miner populations were chromatid deletions (Casapalca miners 1%, Bellavista miners 0.13%) and acentric fragments (Casapalca miners 0.5%, Bellavista miners 0.38%). The Pearson correlation coefficient be-
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Santa Maria et al. tween age and exposure time (r = 0.905) was significant (p < 0.001, n = 16) for the miners, indicating that these variables were not independent. Furthermore, the coefficient of determination between the frequency of chromosomal aberrations and age was 0.26 while for exposure time it was 0.21, indicating a close relationship between the increase in the frequency of chromosomal aberrations and age (and exposure time) which has been reported in previous studies (Sarto et al., 1985; Migliori et al., 1991) . Since age and exposure time were not independent from each other we were unable to separate their effects. However, a significant increase in chromatid-type aberrations has been correlated with duration of exposure and age by other authors. For example, Donbak et al. (2005) reported that coal miners showed both sisters chromatid exchanges (SCEs) and chromatid-and chromosomal-type aberrations which were significantly enhanced as the number of years of exposure increased. On the other hand, Ganguly (1993) found that as the age of healthy donors increased mitotic index decreased linearly and there was a linear increase in chromosomal abnormalities and damaged cells. However, although it has been accepted that chromatid-type aberrations tend to be rapidly lost as a result of cell division (Bender et al., 1988) , our results suggest that factors related with aging could delay such losses. The most plausible explanation for the non-significant difference in the frequency of chromosomal aberrations between Bellavista miners and the high altitude controls is the relatively short time of exposure of the Bellavista miners to mining activity. The genotoxic effects of UV radiation at high altitudes (Keshava and Ong, 1999; Tomatis, 2000) and the general malnutrition of Andean populations (Picón-Reátegui, 1976) did not seem to increase the frequency of chromosomal aberrations in the Bellavista miners. Furthermore, there was no statistically significant increase in the chromosomal aberration frequency of the high altitude Tinco farmers (analogous to the Bellavista miners) as compared to individuals from the sea level city of Lima.
Although our sample populations were small, the percentage of aberrant cells in lymphocytes of the Casapalca miners was very high as compared to the controls and it is reasonable to assume that the increased frequency of chromosomal aberrations was a primary consequence of the occupational exposure of the Casapalca miners to complex mixtures of genotoxic compounds such as heavy metals, diesel emission particles, organic solvents and mine dust (Keshava and Ong, 1999; Scheepers et al., 2002; Wolf et al., 2004; Donbak et al., 2005) .
Previous studies in healthy populations have reported normal ranges for different types of chromosomal aberrations but both known and unknown factors impede the establishment of a universal baseline (Galloway et al., 1986; Bender et al., 1988; Stephan and Pressl, 1999) . Diverse factors can cause variation in the background level of chromosomal aberrations, including cell-culture conditions (medium, incubation time) and population variables such as dietary habits, location and environmental factors such as air pollution (Milillo et al., 1996; Stephan and Pressl, 1999) . At least three factors could be related to the low frequency of chromosomal aberrations found in our control groups (Table 1) : small sample size, scoring differences and the location of the population. The low frequencies in our control groups could indicate that the chromosomal aberration frequency was underestimated for both the miners and control populations, probably due to bias introduced by the small number of individuals studied and the rarity of chromosomal aberrations in the controls. Scoring differences could be another factor involved in the differences between the chromosomal aberration frequency found in our controls and those reported for controls in previous studies (Galloway et al., 1986; Bender et al., 1988; Stephan and Pressl, 1999) . In addition, several studies have shown that exposure to environmental pollution can modify the baseline levels of chromosomal aberrations (Lakhanisky et al., 1993; Klemans et al., 1995) and, as a consequence, a low frequency of chromosomal aberrations has previously been reported in rural populations (Milillo et al., 1996) .
Underground miners are often exposed to complex mixtures of chemical agents and physical factors, making it very difficult to determine the precise cause of the increased chromosomal damage observed in the Casapalca miners investigated by us. Moreover, studies such as this are frequently complicated by confounding factors such as age, life-style, smoking and other habits. In the Andean mine workers, we show a positive association between the frequency of chromosomal aberrations and both time of exposure and age.
The results of cytogenetic biomonitoring are considered to be a valuable index of exposure to genotoxic carcinogens (Hagmar et al., 2004) , although the only cytogenetic biomarker validated as an estimator of cancer risk is the classical metaphase analysis for measurement of chromosomal aberrations (Bonassi et al., 2000; Fenech, 2002; Smerhovsky et al., 2002; Hagmar et al., 2004) . Although the increased frequency of chromosomal aberrations reported for our Casapalca Peruvian miner population could be associated with an increased risk of cancer, more accurate cytogenetic and epidemiological studies are needed to confirm our results. This study constitutes the first published record of occupational exposure to genotoxic agents in an Andean population.
